Abstract: Cell models of tauopathy were generated in order to study mechanisms of neurodegeneration involving abnormal changes of tau. They are based on neuroblastoma cell lines (N2a) that inducibly express different forms of the repeat domain of tau (tau RD ), e.g. the 4-repeat domain of tau with the wild-type sequence, the repeat domain with the K280 mutation ("pro-aggregation mutant"), or the repeat domain with K280 and two proline point mutations ("anti-aggregation mutant"). The data indicate that the aggregation of tau RD is toxic, and that aggregation and toxicity can be prevented by low molecular weight compounds, notably compounds based on the N-phenylamine core. Thus the cell models are suitable for developing aggregation inhibitor drugs.
INTRODUCTION
Several brain diseases are accompanied by the aggregation of the microtubule-associated protein tau ("tauopathies"), including Alzheimer's disease (AD) and frontotemporal dementias with parkinsonism (FTDP-17) [1, 2] . The generation of models for tau pathology has been difficult since the overproduction of tau by itself does not lead to neurofibrillary aggregation but to axonal transport defects that show up, for example, as motor neuron disease in mice if tau is expressed in the wrong cell types [3] . For generating neurofibrillary pathology it has been necessary to enhance the toxicity of tau by FTDP17 mutations or by combining tau mutations with enhanced A load [4] [5] [6] [7] [8] [9] [10] . But there is a debate on whether tau aggregation is toxic, and whether removal of aggregates is beneficial [11, 12] .
We developed cell lines, based on neuroblastoma N2a cells that allow the inducible expression of the repeat domain of tau [13, 14] . Three variants are expressed, the wildtype sequence, a "pro-aggregation mutant" ( K280) which has a high tendency of aggregation, and an "anti-aggregation mutant" containing additional proline residues [15] . The cells illustrate that the aggregation of tau RD is toxic, and that removal of aggregates is beneficial. Fragmentation by a thrombin-like protease is a prelude to aggregation, whereas phosphorylation in the repeat domain bears no obvious relationship to aggregation. Inhibitor compounds reduce aggregation and toxicity, and therefore the cell model can be used in the search for drugs for tau pathology in AD.
RESULTS

Development of Lead Structures for Inhibition of Tau Aggregates
Starting with a library of 200.000 compounds we carried out a primary screen for compounds capable to inhibit tau *Address correspondence to this author at the Max-Planck-Unit for Structural Molecular Biology, c/o DESY, Notkestrasse 85, 22607 Hamburg, Germany; Tel: +49-40-89982810 Fax: +49-40-89716822; E-mail: mand@mpasmb.desy.de aggregation and to induce disassembly of tau aggregates (Fig. 1) . The assay used in the first screen was based on the dye thioflavine S whose fluorescence is increased by binding to PHFs [16] . In the primary screen we first tested a concentration of 60 M of each substance with regard to its inhibitory effect on PHF formation. Using an automated pipetting system, 50 mM NH 4 Ac, 10 M protein (tau construct K19), 60 M compound and 5 M heparin were mixed in 50 l volume in the wells of a 384 well plate and incubated overnight at 37 °C. Thioflavine-S was then added to the reaction mixture to a final concentration of 20 M and the signal was measured fluorimetrically, with excitation wavelength of 440 nm and emission at 521 nm. Among the substances tested, 1266 (equivalent to 0.6% and belonging to several chemical families and a series of singletons) showed aggregation inhibition at an efficiency of 90% or higher. Of these, 77 compounds (= 0.04% of the library) were able to induce PHF disassembly with 80% efficiency. To verify the data we tested these compounds with several additional assays (Fig.  1) .
The screens and assays were initiated using the threerepeat tau construct K19 and then extended to the four-repeat constructs K18 and K18 K280 as well as to the tau-isoforms htau23 (three repeats, no inserts) and htau24 (four repeats, no inserts) (Fig. 2) . In order to rule out a potential influence of heparin on the efficiency of the compounds we also used the 4-repeat construct K18 K280 which carries one of the mutations observed in frontotemporal dementia and which is capable of aggregating into PHFs without a polyanionic cofactor.
The efficiency of the compounds in vitro and their possible cytotoxicity in cell models were improved by chemical modification and retesting (Fig. 1) . In this iterative process we are able to optimize the structure-activity-relationship as well as the cell viability of the compounds. As representative chemical groups we choose here compounds which belong to the chemical family of the N-phenylamines and anthraquinones (for examples see Fig. 3 ). They share a tricyclic aro-matic ring system with some modifications in the side groups. (2) . Tau-isoforms and constructs used in the assay: htau24, a four repeat isoform of tau lacking the two N-terminal inserts (numbering of the amino acids according to the longest isoform htau40, 441 residues); htau23, the fetal three repeat isoform lacking the two N-terminal repeats and the second repeat (exon 10); construct K18 comprising the four repeats in the microtubule binding domain; construct K19 containing three repeats. The hexapeptide motifs VQIINK (second repeat) and VQIVYK (third repeat) that promote the formation of -structure are highlighted. The deletion mutation K280 ("pro-aggregation mutant") strongly accelerates PHF aggregation in vitro and in cells, the proline mutations I277P and I308P ("anti-aggregation mutant") strongly inhibit aggregation [17, 15] . The results on the anthraquinone and N-phenylamine series, their structures, IC50 and DC50 values were described in recent publications [18, 13] . The results were confirmed by electron microscopy. Fig. 4 illustrates examples of PHFs -made from the construct K19 -in the process of disassembly after overnight incubation with increasing inhibitor concentrations of B4D5. Filaments are seen in various stages of shortening or breaking reveal a concentration dependent degree of dissolution of the PHF structure. 
INDUCIBLE CELL MODEL FOR TAU-INDUCED PATHOLOGY
One of the important issues in the field is the generation of cell and animal models that reproduce the key features of tau pathology and allow one to test strategies for preventing it. The problem of tau aggregation has been particularly intriguing because tau is a highly soluble protein, it does not aggregate readily in physiological conditions, and therefore most attempts to achieve robust aggregation of wildtype tau in cells or animals have not been successful. This problem can be circumvented by expressing variants of tau with a higher amyloidogenic potential. Such cell models are of special value for the development of inhibitory compounds be-cause they represent an intermediate level of complexity, closer to reality than the in vitro assays but still amenable to reasonably rapid testing. The cell model which we have developed is based on a cell line (mouse neuroblastoma N2a cell) in which tau can be inducibly expressed by the addition of doxycyclin (tet-ON system) for studying the aggregation of tau protein that is characteristic of Alzheimer disease (Fig.  5) . The cell model allows one to study the toxicity of tau to cells in the soluble or aggregated state, the appearance of tau aggregates after switching on the tau gene expression, the dissolution of tau aggregates after switching the gene expression off again, and the efficiency of small molecules (identified in an in vitro screen) to prevent the formation of tau aggregates and dissolve them again [13] .
The cells express the K280 mutant of the 4-repeat tau construct K18 because this has a high tendency for aggregation and was found to form PHFs in vitro even in the absence of polyanionic inducing cofactors [19] . To confirm whether the inducible expression of the K18 K280 tau construct in N2a cells induces aberrant tau aggregates one can apply indirect immunofluorescence in combination with thioflavine-S staining (Fig. 5) . This dye is known as a marker for amyloidlike aggregates with -pleated sheets. After induction of K18 K280 for 5 days, thioflavin-S positive aggregates containing tau can be observed in about 14 % of the cells. Cells were stained with thioflavine-S followed by staining with a polyclonal phosphorylation-independent pan-tau antibody (K9JA). Thioflavin-S is a marker for insoluble protein aggregates containing -sheet structure.
For an aggregation based cell model of tau pathology it is crucial to check whether the filaments generated in the cells resemble those in Alzheimer's disease. After induction of thioflavine S positive tau aggregates the cells are extracted with sarcosyl. The sarcosyl insoluble pellet is further purified by iodixanol density gradient centrifugation. This medium allows higher densities than sucrose and has been shown to be inert towards proteins [20] . We tested PHFs from recombinant tau protein and confirmed that filaments can be easily isolated (Fig. 6) . Most of the protein is concentrated in fraction 4 corresponding to 40% of iodixanol. This fraction was used for electron microscopy. It contains fibrils which are labeled by immuno-gold with tau antibody K9JA conjugated to 8 nm gold particles (Fig. 6, lower panel) , confirming their identity as bona fide PHF structures. Before testing the anti-aggregation effect of the Nphenylamine derivatives on tau expressing cells the toxicity of the compounds on control N2a cells was assayed. Neurotoxicity was determined by an LDH assay kit which reports on the leakiness of membranes in degenerating cells (Roche, Mannheim, Germany). After incubation of the cells for 24 h with 15 M compound, the degree of cell lysis can be determined by LDH release. Only compounds which show a low level of intrinsic cytotoxicity were considered to be suitable for determining the toxicity caused by the aggregation of tau. Examples are shown in Fig. 7 where we compare the toxicity of the anthraquinone compounds with those of the Nphenylamine series which show a much lower level of toxicity. For quantification the values are plotted as percentage of the control of 100 % cell lysis by Triton X-100. The value of the untreated DMSO-control was defined as background (0% cytotoxicity).
The inducible N2a cell lines were based on the tau construct K18 which contains the 4-repeat domain of tau (Fig.  2) . This domain forms the core of Alzheimer PHFs and can be polymerized into PHFs in vitro [21] . The mutation K18-K280 has an enhanced tendency to form -structure and aggregation [19] . The mutation represents one of the tau mutations of FTDP-17 [22, 23] . In addition we generated a double proline mutant (PP -mutant) with prolines in each of the two hexapeptide motifs (I277P, I308P) that nucleatestructure. Since prolines disrupt -strands they inhibit aggregation [17] .
For establishing the Tet-On inducible N2a cells we generated the host N2a clone with a stably integrated reversed tetracycline transactivator rtTA-S2 under the control of the CMV promoter [24] . Inducible cell lines were then generated by stable transfection of vectors encoding the tau RD constructs. Doxycyclin was chosen at 1 g/ml for inducing tau RD expression. The yield after 2 days was ~1.2-1.8 g from 1x10 6 cells.
Fig. (7). Determination of toxicity of compounds on N2a cells by the LDH assay:
To analyze the cytotoxicity of the compounds an LDH-assay was performed. Note that the N-phenylamines are less cytotoxic than the anthraquinones.
For focussing on the aggregation process we searched for constructs which bind weakly to microtubules (to avoid transport defects) yet are able to aggregate; both conditions are met by the repeat construct K18. We also wanted to observe aggregation separately from the expression of tau, which can be achieved by staining with thioflavin S (ThS), biochemical analysis, and electron microscopy (Fig. 4) [18] . Among the tau RD constructs tested, only the K280 mutant induced a strong reaction with ThS, consistent with its strong tendency for spontaneous aggregation in vitro. Aggregation was absent from cells in the case of the anti-aggregation PPmutant. In addition, filaments resembling those of AD PHFs were present in the cells (Fig. 6) . The aggregates were also demonstrated by sarkosyl extraction [25] . During the first 10 days of K18wt expression the protein remains mostly soluble and intact. The insoluble fraction is minor up to day 11, when the sample reveals both lower cleavage products and higher aggregates. The phosphorylation of tau in the repeats (at KXGS motifs) was probed with antibody 12E8 (not shown). For all tau RD variants the phosphorylation remained mainly in the supernatant. This suggests that phosphorylation at KXGS motifs does not enhance the tendency to aggregate [26] . Fragmentation was also less apparent in the phosphorylated protein.
It is an open question whether the toxicity of tau is due to tau aggregates. We therefore expressed different tau constructs for varying periods and observed cell degeneration by the LDH assay. The expression of soluble tau RD has no noticeable effect on the viability of the cells (data not shown). In the case of the pro-aggregation K280 mutant the toxicity is ~2-fold higher than in the control. We conclude that the aggregation of tau RD causes toxicity. Next we asked whether tau aggregates can be removed again. The expression of tau RD was first induced for 5 days by doxycyclin until aggregates were clearly present, then doxycyclin was removed. In all cases the aggregates disappeared again, showing that the aggregation is reversible. Again the aggregation is most pronounced with the K280 mutant [13] . We conclude that the aggregation of tau RD can be reversed by lowering the concentration, indicating that the protein subunits are exchangeable between the aggregated and soluble state. This is in contrast to the seemingly irreversible aggregation of tau in Alzheimer neurofibrillary tangles, which may be the result of secondary modifications.
INHIBITION OF TAU AGGREGATION IN INDUCIBLE N2A CELLS BY N-PHENYLAMINES
After having established a neuronal cell model which mimicks tau aggregation and toxicity we used the cell model for testing the most promising compounds. A variety of assay conditions for tau aggregation inhibitors were tested; the data shown here (Fig. 8A and B) were obtained by incubating the cells with 10 M compound, switching on the tau expression by doxycyclin, and scoring for ThS fluorescence after 5 days. To assess the depolymerization of aggregates, the expression of tau was induced for 5 days, then compounds were added, and the level of ThS fluorescence was measured after 2 more days. The efficiency is around 60 to 70% for inhibition and around 40 to 45% for disassembly of tau aggregates in the cells. Fig. 9 illustrates the general experience that in our cell model the level of toxicity is correlated with aggregation; conversely, when the degree of aggregation is lowered by drugs, the toxicity is lowered as well. We note here that the question of aggregation vs. toxicity is a prominent issue in the scientific debate, not only for the case of Alzheimer's disease but for other protein aggregation diseases as well. There appears to be no universal answer to this issue, however, at least in our cell model there is a clear relationship between the two parameters.
DISCUSSION
The aggregation and phosphorylation of tau are hallmarks of Alzheimer's disease and related tauopathies [1, 2] . We developed several cell models, based on the wellcharacterized neuronal cell line N2a, where the expression of tau RD can be switched on and off. The cell models were made in three variants, expressing the repeat domain of tau either in the wildtype sequence, or with pro-aggregation or anti-aggregation mutations. The aggregation can be measured by ThS fluorescence, the aggregates can be visualized by electron microscopy, and incipient aggregates can be revealed by a sarkosyl-insoluble pellet and its accompanying smear at intermediate molecular weights which is characteristic for AD tau. These tools allowed us to test whether the aggregation of tau RD is toxic to cells, whether aggregation and toxicity can be reversed, and whether the aggregation can be inhibited by drugs. Our results suggest that toxicity is related to aggregation, not merely to the expression of tau RD . Notably, the toxicity is already high before abundant aggregation. It is therefore possible that toxicity is caused by species smaller than PHFs, for example oligomers, or even by tau fragments that nucleate the aggregation [14] . This is reminiscent of the aggregation of A or other peptides where oligomers, rather than polymers, are considered the main toxic species [27] [28] [29] . Since small aggregates of tau RD can be toxic it would be important to find methods to counteract aggregation. The cell's own clearing capacity can be tested by silencing the expression of tau RD , and indeed soluble tau RD disappears again, and aggregated tau RD disappears as well. Thus the cell possesses mechanisms to break down the aggregates. Some proposed catabolic pathways include the ubiquitin-proteasome system [30, 31] , calpain [32, 33] or autophagy [34] . As shown elsewhere [35] , aggregates of tau RD in vitro are remarkably labile and can therefore be disintegrated into subunits which could be digested by various cellular proteases. This explains why toxic aggregates can be removed by the cell by lowering the production of tau RD . The consequence is that it should be possible to enhance the cell's self-cleaning capabilities by inhibitory drugs. Such compounds can be identified by in vitro screening [36, 18, 37, 38] , and some of them have been shown to suppress aggregates in cells (Fig. 8,9 ). Importantly these cells also recovered from the toxicity of tau. Thus, the cell models are suitable for developing small-molecule inhibitors of tau aggregation and toxicity.
One particular aim of this study was to test the ability of the N-phenylamine class of compounds (Fig. 3) to inhibit or to reverse the aggregation of tau in a cellular environment. These compounds had been identified in an in vitro screen for tau aggregation inhibitors. For example, compounds B4A1 and B4D5 have shown IC50 and DC50 values in the low M range in vitro [13] . The results showed that these compounds are also able to inhibit the aggregation of tau within the cell models. In this regard, the N-phenylamine compounds are similar to the anthraquinone class of compounds [18] . However, the major advantage of the Nphenylamines is their lower toxicity to cells (about 37% lower than the anthraquinones). A caveat in these comparisons is that, in contrast to the in vitro assays, it is not known what fraction of the compounds enter into the cells, i.e. the effective cellular concentration remains to be determined. Given that tau is a cytosolic protein, the permeability of the neuronal plasma membrane will be a major determinant for the applicability of compounds as therapeutic agents in AD, in addition to the blood-brain barrier. This issue is currently under investigation.
